I. INTRODUCTION
Here we report on the analysis of the optical Zeeman spectrum of the (0,0) B 4 5/2 -X 4 3/2 bands of TiH and TiD as a means of garnering insight into the nature of the electronic state distribution. The density of electronic states, and the description of bonding in those states, for first-row transition metal monohydrides is surprisingly complicated because of the simultaneous involvement of the 3d n 4s 2 , 3d n+1 4s 1 and, to some extent, 3d n 4s 1 4p 1 electron configurations of the metal. For the early atoms, Ti and Sc, there is an additional complication caused by possible simultaneous participation of the 3d and 4s orbitals in bond formation due to their similar radial extent. There are 101 terms and 229 levels associated with the 3d 2 4s 2 , 3d 3 4s 1 , and 3d 2 4s 1 4p 1 Ti configurations, and accordingly a multitude of low-lying, interacting, electronic states in TiH. The lowest atomic levels associated with these three configurations are the a 3 F 2 (E = 0.0 cm −1 ), a 5 F 1 (E = 6556 cm −1 ), and z 5 G 2 (E = 15,877 cm −1 ) levels, respectively.
The Zeeman effect (i.e., the interaction of the magnetic dipole, μ m , with the magnetic field, B,Ĥ Zee ≡ − μ m · B) can provide valuable insight into not only the orbital and spin angular momenta of a given electronic state, but also the nature of any perturbing electronic state. At the simplest level of approximation, an analysis of the Zeeman effect provides a method of assigning the 2S+1 term symbol for the diatomic molecule. For example, if it is assumed that the molecule is in the Hund's case a limit, where the eigenfunction is a product of an electron orbital, electronic spin, and a rotational function, = |n |S |J M J , then the Zeeman effect is often approximated as the expectation value a) Visiting from Hefei National Laboratory for Physical Sciences at the Microscale, Department of Chemical Physics, University of Science and Technology of China, Hefei, Anhui 230026, China. b) Author to whom correspondence should be addressed. Electronic mail:
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In Eq. (1), and are the projections of the electronic orbital and spin angular momenta on the internuclear axis, = + , and J is the total angular momentum and the magnetic g-factors, g L and g S , are taken as 1.000 and 2.002, respectively. The use of Eq. (1) for modeling the observed Zeeman effect for a series of spin-orbit sub-states allows for the determination of and . Equation (1) is only an approximation to the exact energy for even a hypothetical Hund's case a molecule because the basis functions are not eigenfunctions ofĤ Zee . At the next level of approximation, and are considered rigorous quantum numbers, as implied by the assignment of a 2S+1 term symbol, and the energies are obtained from the diagonalization of the sum of matrix representations of the Zeeman, H Zee , spin-orbit,Ĥ s.o. and rotation,Ĥ rot , and other fine and hyperfine structure operators with g L and g S taken as 1.000 and 2.002, respectively. The above approach is often inadequate for precise determination of the energy levels of transition metal containing radicals because the high density of electronic states and the large spin-orbit and/or rotational mixing amongst these states diminishes the "goodness" of and . A common procedure for modeling the field-free energy levels of such mixed states is to transform the true Hamiltonian operator to an effective one that only operates in a given electronic state but includes the effects of the mixing terms by perturbation theory. In the effective Hamiltonian model, both g S and g L are allowed to deviate from 2.002 and 1.000 to account for this mixing. The magnetic field also causes a mixing between electronic states. This non-adiabatic mixing of states is modeled by adding terms to the effective Zeeman Hamiltonian operator,Ĥ Zee (eff.)
The g l term on the right-hand side describes the anisotropic contribution to the electron spin Zeeman effect. It arises in the effective Hamiltonian due to a cross term between the spinorbit and Zeeman operators. In the case of a state g l can be predicted using the Curl relationship. 2 Estimating g l for nonstates is more problematic. The three parameters g S, g L , and g l will be used in an attempt to model the Zeeman effect in low-rotational levels of TiH and TiD.
In addition to providing insight into electronic structure, optical Zeeman spectroscopy for TiH may be relevant to stellar magnetic field determinations. A reported identification of TiH in stellar photospheres was made some time ago 3 but has not been substantiated. Recent opacity calculations 4, 5 do predict that TiH should be particularly abundant in the atmospheres of brown dwarfs and late M-type subdwarfs. Currently, magnetic field measurements in these objects use the Zeeman effect in the (0,0) F 4 7/2 -X 4 7/2 band of FeH near 1 μm. 6 The advantages of using the (0,0) B ) were recorded at a resolution of 0.02 cm −1 using Fourier transform spectroscopy and analyzed. In those studies a King-type furnace was used for generating a hot (approx. 2800 K) sample. The near infrared spectra of TiH and TiD were also recorded 11 at a similar resolution using Fourier transform spectroscopy and a hollow cathode discharge source. Heavily perturbed bands near 940 nm were assigned as the (0,0) A 4 -X 4 electronic transition. Most recently, 12 the same hollow cathode discharge source was used and the (0,0), (1,1), and (2,2) B 4 -X 4 bands of TiD were recorded. The spectral features could be measured to a precision of 0.01 cm −1 . In contrast to the rather limited number of experimental measurements, TiH has been the subject of numerous electronic structure predictions both using wavefunction-based approaches 4, [13] [14] [15] [16] [17] [18] [19] [20] [21] and density functional theory. 22, 23 The results suggest that the Zeeman tuning of the ground state may be complicated due to interactions with near-by states. All of the calculations predict a 4 r ground state. The potential energy curves predicted by Koseki et al. 20 show that in addition to the X . The primary configuration for the X 4 r state is . . . 1δ3π 7σ 2 8σ with the 7σ being the (4s+4p 0 )(Ti)+1s(H) bonding orbital and the 3π and 1δ are 3d ±1 and 3d ±2 and the 8σ is the back polarized 4s-4p 0 hybrid orbital. Here the molecular orbital labeling scheme of Ref. 17 is used. The six low-lying states have configurations resulting from permutation of the two 3d electrons in the 3π , 1δ, and 6σ ( ∼ =3d0) orbitals under the high-spin constraint. Scott and Richards 14 give the symmetry adapted wave functions for these six states in terms of six Slater determinates and illustrate that the ab initio predicted energy ordering of these six states, with 14, 17 is consistent with the expected ligand field stabilization ordering of δ > π > σ . As expected, the nature of the electronic states in the region of the B The change in r e is small because the electron promotion is between non-bonding orbitals. The electric dipole moment increases upon excitation because the electron is promoted from a back-polarized 4s-4p 0 (Ti) hybrid orbital to the less polarizable 4p ±1 (Ti) orbital.
II. EXPERIMENT
The production of a cold, well collimated, molecular beam sample of TiH and TiD was similar to that used previously for ScH/ScD (Ref. 24) and NiH. 25 A rotating 6 mm diameter solid rod of titanium was ablated at 20 Hz with approximately 5 mJ of focused (f. l. = 750 mm) 532 nm radiation from a Q-switched Nd:YAG laser. The ablation products reacted with a free-jet expansion mixture of 50% hydrogen or 50% deuterium and 50% helium for TiH and TiD, respectively. The backing pressure was approximately 400 psi. Approximately 25 mW radiation derived from a stabilized, signal longitudinal mode, continuous wave ring dye laser was used to excite lines in the (0,0) B 4 -X 535 nm and the resulting LIF was collected and collimated with a lens assembly and directed with a cooled GaAs photomultiplier tube through a 540 ± 10 nm bandpass filter. Photon counting techniques were used to process the signal. Absolute wavelength calibration (<0.001 cm −1 ) was performed by simultaneously recording of the sub-Doppler absorption spectrum of a heated I 2 cell. Relative frequency calibration of the laser was established by monitoring the transmission of two etalons. One was a pressure and temperature stabilized confocal etalon (free spectral range (fsr) = 753.58 ± 0.02 MHz) and the other is an unstabalized confocal etalon with a 75.04 MHz fsr.
A static homogeneous magnetic field of approximately 4500 Gauss was generated using a homemade electromagnet. Rare-earth permanent magnets with 5 mm holes were attached to a ferromagnetic assembly. 26 The field was calibrated using a commercial Gauss meter. A polarization rotator and polarizing filter were used to orient the electric field vector of the linearly polarized laser radiation either parallel " " or perpendicular "⊥" to that of the applied field resulting in M J = 0 or M J = ±1 selection rules. The systematic error introduced by spectral calibration procedures and magnetic-field strength determination is estimated to be approximately 3%.
III. OBSERVATION
Precise determination of the Zeeman effect requires a precise determination of the field-free energies. The twelve branch features associated with the lowest rotational levels for 48 TiH and 48 TiD were precisely measured and along with assignments and residuals are available via the Electronic Physics Auxiliary Publication Service (EPAPS) or through the author (T.C.S.). 27 state is negligible. The magnetic hyperfine splitting in the Zeeman spectra is not resolved. As seen from the energy level pattern, which was calculated using the optimized set of parameters (vide infra), the Zeeman tuning in the X 3/2 , J = 2.5, level at the applied 4510 G field is approximately 6.8 GHz as compared to the approximate 40 MHz for the J = 1.5 level. This is a manifestation of the rapid transformation from a Hund's case a to a Hund's case b level pattern due to the small ratio of the spin-orbit to rotational constants, A/B (≈33.08/5.36 ≈ 6.2). The dominate term describing the transition from Hund's case a to a Hund's case b is the J = 0, M J = 0, = ±1, = ±1 matrix element of the rotational operator, and to a lesser extent the Zeeman operator (vide infra). A total of 92 Zeeman shifts for TiH were precisely measured and along with assignments and residuals are available via the Electronic Physics Auxiliary Publication Service (EPAPS) or through the author (T.C.S.). Similarly, the TiH frequencies are about a factor of 3 more precise than those of Ref. 8 . As an initial step the field-free spectra were re-fit using the operator
The spin-orbit, A, spin-spin, λ, spin-rotation, γ , and centrifugal distortion, D, parameters for the X states of TiH and TiD were constrained to the previously determined values. 9, 12 An 8 × 8 (= (2S + 1) × 2) matrix representation ofĤ eff in a Hund's case a, non-parity, basis set, |η |S |J M J , was constructed and diagonalized to produce the eigenvalues and eigenvectors. A non-linear least squares fitting program was written that fit the optical transitions using the effective Hamiltonian of Eq. (3) and optimized the origin, T v v , rotational parameters, B and B , and the excited state centrifugal distortion correction to the (10) a Fit of data in Table I Table I and compared with the previously determined values. These effective parameters adequately reproduce the field free energies of the rotational levels associated with the Zeeman measurements. Finally, the small magnetic hyperfine splitting ( ∼ =85 MHz) between the F = 3 and F = 2 components of the J = 5/2, B 4 5/2 rotational level was modeled using the Hund's case (a βJ ) limit expectation value expression
The determined value of h 5/2 (B states revealed that g l and g L were highly correlated in the two states. Furthermore, the optimized g S values were very close to 2.002. In the end, satisfactory fits were obtained by independently fitting the data which shared a common J-value in the B Table II .
The quantum number assignments for the field-free and Zeeman spectra were greatly assisted by simulations. The simulated spectra were achieved by calculating relative line strengths and superimposing a Lorentzian linewidth. The transition moments were obtained by constructing the matrix of transition moments in Hund's case a coupling and transforming it by the eigenvectors for the upper and lower states
The transition moments, μ(exact), were then squared, multiplied by the Boltzmann factor for an estimated temperature of 20 K, and Lorentzian linewidth of 35 MHz to predict each spectral feature in Figures 1-3 . A Lorentzian lineshape was used under the assumption that the broadening is due to radiative relaxation.
V. DISCUSSION
This is the first precise determination of the field-free transition wavenumbers for TiD. The low-rotational levels of the B 4 5/2 state of TiD probed here do not exhibit strong local perturbations, whereas such local perturbations are evident for TiH (see Tables I and II of supplementary material  27 and  Table I of 30 larger. The determined spectroscopic parameters for TiH (Table I) are consistent with those of the previous analysis 9 with the exception that A D is only 1/2 the previous value even though the operators used in the two analyses were identical. The determined spectroscopic parameters for TiD differ somewhat from those given in Ref. 12 in that the newly determined B(X 
